Head hardened rails have been introduced In order to extend the rail-replacement cycles for Zagreb tram tracks. During their precurving, the rail cracking occurred. Hardness tests were performed and tensile strength was calculated to establish whether unusual mechanical properties of rail steel are responsible for the cracking. Tests have shown that hardness values, despite significant variation over the rail cross-section, are higher than the prescribed minimum. It is assumed that rail problems encountered may be due to changes in rail steel microstructure resulting from an increase in rail head hardness during its thermal treatment.
Introduction
Rails are crucial and most expensive elements of the track structure. They are the point of contact between the track and vehicle wheels, and they serve as continuous structural beams that transmit vehicle load onto lower parts of the track structure. Their main objectives are to ensure safe guidance of rail vehicles, and to maximise safe and comfortable use of the track. The vehicle load is transferred onto lower components of the track structure (fastening systems, sleepers, etc.) at the wheel-rail contact. Due to continuous change of contact areas (reduction followed by increase) between components of the vehicle-track dynamic system, the distribution of forces is operated according to the "sandglass" form [1] . The vehicle body transfers the load via bogies and wheels onto the rail, gradually increasing the stresses. In case of Zagreb tram tracks, stresses at the wheel-rail contact can attain up to 350 N/mm². These stresses eventually cause deteriorating reactions in the wheel and rail material, which are deformed and their mechanical properties are altered. This brings up the issue of how material properties influence the dynamic vehicle-track system behaviour during the track use. Due to rail-wheel interaction forces, the rail head is continuously exposed to abrasive wear during operation of railway traffic. Vertical rail head wear occurs in straight sections of the track. An additional running surface wear occurs in curves. The wear rate depends on the quality of rail steel, which is defined by its hardness. The rail steel hardness must ensure satisfactory wear of the rail head, and hence conventional track maintenance cycles. Experience has shown that the maximum prescribed rail wear in smallradius curves occurs before formation of fatigue cracks, while the opposite is true at straight sections of the track. The rail head wear rate in small radius curves can be as many as ten times higher, when compared to the wear at straight track sections [2] . For this reason, straight sections of tram tracks in Zagreb consist of grooved rails made of normal grade steel with a minimum tensile strength (fu) of 680 N/mm² and Brinelli hardness of 200 HBS, while in curved sections, and at switches and crossings, the wear-resistant rails with a minimum tensile strength (fu) of 880 N/mm² and Brinelli hardness of 260 HBS, are used. Due to high vertical and/or gauge face rail head wear rate, tracks subjected to very high traffic load, such as the tram tracks in Zagreb (individual tram lines in the city centre are exposed to traffic of 15 million gross tons a year, with the tram vehicle passing frequency of under one minute [3] ), and also tracks with high share of small radius curves (Rmin≥18m), often call for premature rail replacement. Rail replacement at places where tram corridor is also used by other traffic (Fig.1) represents the biggest maintenance issue for the Zagreb Municipal Transit System -ZET Ltd. At these locations, where tram tracks are embedded either in asphalt or in precast concrete plates [4] , the organisation of track reconstruction while ensuring an undisturbed operation of other traffic is very complicated if not impossible. In order to extend the rail replacement cycles for Zagreb tram track structures, head hardened (HH) rails have been introduced. There are two main methods of HH rail production: by making modifications in chemical composition of the standard carbon rail steel, or by heat treatment of the rail head ( Figure  2. [5]). Foreign experience in the HH rail use shows that increase in rail steel hardness at the wheel-rail contact is a highly efficient and cost-effective method for extending the rail life cycle, because the wear resistance of rails is in that case increased by as many as three times [6] . This positive experience in HH rail use was severely compromised after the ZET Ltd. purchased heat treated HH Ri-60 rails, steel grade 700 and 900A, for which the qualifying test results, provided by the manufacturer, showed satisfactory values of rail steel mechanical properties. First problems occurred during rail precurving (rails were cracking). Rails that were installed in the tracks soon showed significant signs of wear. According to agreement with ZET Ltd., the Ministy of Transport conducted its own tests in order to Hardness distribution over cross-section of grooved rails either confirm or reject qualifying test results, i.e. to check whether mechanical properties of the steel are responsible for increased brittleness and accelerated wear of these rails.
Analysis of mechanical properties
Hardness tests were conducted in order to define mechanical properties of the grooved rail steel. Although hardness is not a precisely defined mechanical feature, its measurement has been established as one of the most common procedures in the field of material properties investigation. The reasoning behind this assertion is that the hardness test is easier and much faster to perform than other mechanical properties test methods. It does not require specially tailored samples -testing can be performed either on intermediate or final products. Also, a big advantage is the relatively simple correlation between hardness and tensile strength. For testing purposes, four new HH rails (two of steel grade 700 and two of steel grade 900A) were selected using the random sampling method. Ten millimetres thick slices were cut at the distance of one meter from rail ends. Then they were polished and marked according to rail steel grade and ordinal number, as follows: 700-1, 700-2, 900A-1 and 900A-2. Hardness measurements were conducted using the Brinell test [7] .
Prescribed minimum mechanical properties
In case of HH rails, mechanical properties of steel at rail web and base must comply with prescribed values for the basic steel grade given in Table 1 [7, 8] , while the steel in the head area ( Figure 3 ) must meet additional requirements shown in Table 2 [9].
Rail head hardness measurements
Hardness measurements were conducted at measurement points 1 and 2 of the rail head defined by [9] , at three additional points at the running surface (marked as Ha and Hb), and at the rail guide (G) (Figure 3 and 4) . Measurement points marked as 1a, 1b, and 1c are located 10 mm below the running surface, which is the zone of maximum tangential stresses in the rail cross-section. The measurement point 2a location corresponds to the location of sampling for the tensile strength testing. In total, more than a hundred hardness measurements were carried out at these measurement points. An overview of mean hardness values, calculated on the basis of values measured at the points 1 and 2, as related to prescribed minimum values given in Table 2 , is given in Figure  5 . The difference between the mean and prescribed minimum hardness values for each measurement point, expressed as percentage, is given in Figure 6 . It can be seen that all mean hardness values are greater than prescribed minimum values, with an average 25 % increase in hardness. The biggest difference in all four cases was observed at the measurement point 2c, where mean hardness values exceed the prescribed minimum by 33 % (samples 700) or 26 % (samples 900A). An overview of the mean hardness values, based on values measured at the running surface of the rail head and the guide, is given in Figure 7 . In case of samples 900A, none of the mean values met the prescribed requirements ( Figure  8 ). However, this unduly low hardness values at running surfaces have been neglected, as measurements were preformed on rail samples that were not in service and therefore their running surfaces were not subjected to cold forging. Cold forging induces hardening of the rail running surface due to continuous passing of vehicle wheels. The increase in hardness values depends on the magnitude of the total travel load, axle load, rail steel quality, wheel radius, etc. In order to define the actual values of hardness increase at the rail running surface, the Ministry of Transport conducted, in consultation with ZET Ltd., hardness testing of HH rails type Ri-60 (steel grade 900A) at the tram track in curve. Measurements were made just before the track was put to regular use, and also one month later, i.e. after it was subjected to 0.5 million gross tones load. Measurements were made at six sections on the running surface of the outer and inner rail of the curve. Results showed that after a month of use, hardness values on the rail running surface increases, on an average, for 39 HBS (13 %) due to cold forging ( Figure 9 ). As expected, the greater increase in hardness occurs at outer rail as it is more exposed to load. The results of this investigation lead to the conclusion that, if the rails had been in operation, the process of cold forging would have caused such an increase in the running surface hardness that would be compliant with the required minimum values. The comparison of the mean hardness values at the running surface of the rails, and at measurement points 10 mm below the running surface, is shown in Figure  10 . Mean hardness values 10 mm under the running surface are far greater than the mean hardness values at the running surface. Differences between these mean hardness values, and an increase of hardness under the running surface, are shown in Figure 11 for each sample. The analysis of results showed that the hardness values measured 10 mm under the surface are, on an average, 
Hardness measurements at cross-section of grooved rail
Hardness measurements were conducted at 285 measurement points along 20 measurement lines (Figure 12 ) of each sample. In order to define the mean hardness value for each measurement line, the total of 1140 individual hardness values were analysed. The calculated mean hardness values are shown in Figure 13 . Variations of mean hardness values across the entire cross-section can be observed. An another common observation is that they are all greater than the prescribed minimum hardness value for a particular type (quality) of rail steel and the location of the measurement line in the crosssection of the rail head. A detailed analysis has shown that mean hardness values are on an average by 27 % (sample 700) and 26 % (sample 900A) higher than the minimum prescribed. Differences between samples 1 and 2 of the same rail steel quality (expressed as percentage) are shown in Figure 14 . It is evident that differences are greater for samples 900A than for samples 700. The difference in mean hardness values along the measurement line 14 for samples 900A is as high as 25%. In case of samples 700, the biggest difference was observed along the line 20 (15 %). The mean difference in hardness values between samples 900A-1 and 900A-2 is 10 %, while the mean difference between samples 700-1and 700-2 is 5 %. Hardness distribution over cross-section of grooved rails
Determination of tensile strength values
Mean tensile strength values were calculated based on mean hardness values. Tensile strength f u is often cited to vary linearly with the Brinell hardness HBS, as follows:
where the value of the correlation factor c depends on the steel grade, and on the values and method of hardness 
Results of investigation
According to [7] , maximum deviation of measured hardness values from prescribed hardness values for a particular grade of rail steel, is ± 30 HBS. It was concluded by comparing hardness and tensile strength values shown in Table 3 to 5 with the ones prescribed by standards ( Table 1 and 2) that the largest deviations in these values occurred at points across the rail head (Figure 17) . The maximum deviation of the mean hardness values, and thus the calculated mean tensile strength values, from the prescribed minimum, was recorded at the measurement point 2c of samples 700, and at the measurement point Y of rail web (samples 900A determination. In this case, the correlation factor of c = 3.45 was applied as it gives sufficient accuracy in case of steels whose tensile strength values vary between 450 and 2350 N/ mm² [10] .
All measurement points at which hardness tests were conducted in order to define the tensile strength of rail steel are shown in Figure 16 . In addition to previously defined measurement points 1 and 2 at the rail head cross-section, measurements were also conducted at five points located along the web and the base of the rails. These additional points were selected on the basis of graphic variation of hardness values ( Figure 15 ) at which significant change in the hardness of steel occurred. 
Discussion
In response to difficulties that were manifested in form of HH rails cracking during the precurving process and accelerated rail head wear, measurements of steel hardness were made in order to find out whether the increased brittleness and intense wear of the rails are the consequence of poor mechanical properties of the rail steel. Past research and practice have shown that rails with higher head hardness values should be used in order to reduce abrasion and corrugation, i.e. excessive track wear. By increasing the hardness of the rail head for 90 HBS the abrasive wear can be reduced by 50 % [6] and, at the same time, by reducing corrugation, the noise and vibrations generated by irregularities on the wheel-rail contact surface can be diminished [11] . However, recent analyses of the HH rail use have shown controversial results [1, 12] . In the course of rail use, the running surface of new rails assumes the shape that largely matches the wheel profile. This worn rail head profile has a larger contact area which causes a decrease in rail-wheel contact pressure. It can therefore be concluded that the HH rail, due to its greater resistance to wear, stays longer under unfavourable contact conditions, which may adversely affect its service life. Hardness tests carried out at the cross-section of HH rails made of steel grade 700 and 900A, as described in this paper, point to extremely uneven distribution of hardness values along the cross section. The impact of such large hardness value deviations on the rail behaviour in track is unknown. It is assumed that this phenomenon may be associated either with conditions during production -rolling of steel rails, or with segregation and/or deformation of steel during its hardening [13] . Deficiencies in the process of rail head heat treatment, conducted in order to increase local hardness values, may also be responsible for inconsistent values of mechanical properties of steel along the rail head crosssection (hardness, and hence tensile strength). In general, any heat treatment leads to changes in steel microstructure. The difference in the warming and cooling (quenching) process, and the uneven distribution of temperature in different layers of the rail head (in cross section and along the rails), cause substantial variations in microstructure, which in turn results in local hardness and tensile strength differences. Experience has shown that such irregularities in the HH rail production process can cause very adverse martensitic microstructure in the heat-treated steel layer [14] , which is responsible for the increase in brittleness and decrease in fracture toughness of rail steel attaining up to 25 % [15] .
Conclusions
Test results show that hardness values measured at the running surface of rail head samples 700 are satisfactory, while they are on an avearage 8% lower than the prescribed values in case of samples 900A. It was concluded that this deviation is negligible since tests were conducted on unused rail samples that were not subjected to cold forging, which is expected to increase the running surface hardness. Hardness values measured across the rail cross-section are much larger (24 % on an average) than the prescribed minimum, which leads to the conclusion that the cause of their poor in-service behaviour is not due to low hardness and tensile strength values of their steel. The rail cracking during precurving could be explained by reduced ductility and fracture toughness of rail head due to inhomogeneity along the cross-sectional microstructure, i.e. due to martensitic microstructure formation during thermal treatment of the rail head. It should be noted that a far more extensive and sophisticated analysis of rail steel microstructure should be conducted in order to confirm assertions and claims made in this paper.
